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| BUMMARY

An anelysis, based on recent propeller dste, was made of
several methods for improving the. thrust of propellers operating
at low alrspeeds. The analysis consisted of detexmining the
Improvements in thrust or efficlency which could dbe obtalned
by the following expedients:

(2) Increased mmber of blades
(b) Increased blade width
(c) Increased diemeter

(d) Dual rotation

(e) Two-speed gearing

The enalysis indicated that all of the &bove methods were
very effective in increasing the efflclency of highly loaded
propellers operating at low sirspeeds, particularly the last one
listed.

INTRODUCTION

The problem of improving the thrust of propellexs at low
alrspeeds i1s primerily one of reducing the angle of attack of
operation of the sections in order to improve the L/D. Reducing
the blade hellx engle .also improves the thrust for a glven power
output owlng to the effect of rotating the llft vector into a
closer alinement with the thrust vector, thereby reducing the
rotetlonal losp ‘and at the same time absorbing the engine power.
That the low-speed oporating conditions of conventional three-
blade controllable propellsrs on present-day high-performance air-
Plenes 1s not conduclve to high efficlency may readlly de seen
by referring to. figure 1, which shows the blade angles, B, for -
various conditions of power loading end V/nD. Obviously, take-off
blade angles of fram 30° to 60° correspand to engle-of-ettack
values ranging well beyond the stall, as may be noted fram en
inspectlon of the angle-of-attack curves given in the lower part
of figure 1.



Figure 2 presents an L/D ocwrve for the Clark Y sectioh
ch shows the magnitude of immrovement that acoampenies any
on in the angle of attack. -

Mommuﬂubhdstwnmmmmotm'
d blade angle for conventional three-blads propellers, which
my be enmumexrzted ss follows: :

(d'\mmuﬂomw

1. Increased blade width
2. Incressed mmber of hlades
3. Increased dimmeter

(b) Increasing the rotaticnal speed for the take-off conditich
through the use of two-speed geers. .

Another method for improving the efficlency is by reducing
the rotational loss by dual rotation or through the uase of fixed
swrfaces mounted in the streem shead of or Hehind the- propeller.

These various methods for improving the thrust of jropellers
for low-speed operation are herein enalyzed on the basis of test
data.

’

PRESENTATIONR

. The datz used in making these analyses were obtained dwring
the past 2 years fram tests of single- and dual-rotating mropellers.
The four- and six-blade single- and duwel-rotating propeller data
discussed herein were obt from reference 1j; the other date
discussed herein will be published at a later date. A detalled
description of the sest-up and testing technique 1s given in
reference 1. Figures 3 and 4 are a photograph and & dimensioned
plen view, respectively, of the set-up. Ten-foot propellers,
Hemllton Standard drewing Nos. 3155-6 (right-hand) and 3156-6
(left-hand) were used. Plan-form emd blade-form curves for these
wropellers are provided in figure 5.

Svubols. -~ In the enalyses presented herein; standard propeller
coefficlents and gymbols are used, es listed below:
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td
p n? D5

powver coefficlient

Cp = —g—l-)- thrust coefficlent
pn

N = % V/ub, propulsive efficiency

Cg = _l%? speed-power coefficient

(cp)
V/nD
P

advance~-diemeter ratlo

power of engine, foot-pounds per second

Ty = T - AD, effective thrust, pounds

T total propeller thrust

AD increasged drag of body due to propeller slipstream
n mropeller rotatiomnal speed, revolutlons per second
D propeller dlsmeter, feet

v air speed, feet per second

P mese density of alr, slugs per cublc foot

Po mass density of alr at sea level (0.002378)

ATF. = lM ./' @) & (R) activity factor

b blade width

r stetion redius

R propeller radius

B . blade engle at 0.7°R, degree

Veo speed of sound at sea level

L]
Vears

gpeed of sound at altitude




Vn helicel tip speed of propeller
5o circular tip speed of propeller

G section angle of attack at 0.75R for Infinite aspect
ratio, measured from chord line

Method of presentation.- This anelysls conslists of camputations
showing the efficliency or relative thrust that cen dbe obtalned fram

certaln propeller and gear arrengements for a constent power input.
The thrust ratios and efficiencles are plotted egalnst V/nD or
constent velues of Cp. Comstent Cp represents also constent

englne power input, assuming that constant speed mropellers are
employed and assuming that compirisons are made on the basls
of constant altltude.

The V/nD perameter represents velocity for the genersl case
slnce both n end D are constants. For instance, when n or
D was chenged, as in the case of two-speed gearing, the plots were
based on the V/nD corresponding to the single speed arrengement.
The V/uD range is fram 0.3 to 3.0 and Cp _renge is from 0.2 to 0.6.

In figwe 6 15 a.chart giving values of Cp encountered for

different alrplane designs, presented in texrms of high speed and
mmber of blades from three to elght. TFor nearly all present-day
elrplanes the propeller 1s designed to operate at neerly peak
efficlency for the high-speed conditlion at the critlcal altitude.
The power coefficlent is definod, therefore, for critical altitude
operation, assuming consteant power end rotetional speed. The
power coefficient for the take-off and climb at low altitude will,
of course, be lower then that for the critical altltude because
of the higher air density, assuming that the engine power remains
unchanged. For comstant values of power, rmm, and dlameter,

Palt
Op, = Oppy —it

Po

Bceles of ordinates for sea-level power cocfficlents, cPo’

are given for alrplanes having critical altitudes of 22,000 and
40,000 feet. This chart shows, for exemple, that for & high

speod of 420 miles per howr at a critical altitude of 22,000 feet,
and for an eight-blade propeller the cPa.lt = 0.77 end CPO.- 0.38.

W




~.. - . .. The sea-level power coefficiemt  (Cp_ = 0.38) applies to the teke-off

analysls. The chart indicates that teke~off power coefflclents
ranging fram 0.05 to 0.6 may be expected for militery applications.

Solldlty enelygle.- The three methods for oving the
thrust by means of increasing the blade area, (a) increased number
of blades, (b) increased blade width, and (o) increased diemeter,
wlll result in essentlally the same effect, except possibly for

differences in welghts and mechanical can;plications, provided the
t1p speed 18 the seme.

LY g

The method for camputing the thrust and efficiency of propellers
having various numbers of blades or having bladeg of dlfferent wldths
1s given in the following outline:

Constents: P, Cp, p, nD.
(Subscript 3 denotes mumber of stendard-width dlades.)

(Subscript x denotes increased mumber of blades ar
increoased blade width.)

1. TFor several values of V/nD, B ie read at a constant velus
of Cp from the Cp chart.

2. Cp 1is read from the Cp chert for velues of P and V/uD
wmdexr (1).

3. The following plots may be comstructed:
(a') GI‘ V8. V'/IJD

(v) Cppy Oz, vS: V/aD, Ty /T, ve. V/nD
(c) 01/01;% va. V/oD

The outline of the method for improving the thrust by means of
increasing the diemeter 1s given as follows:

Constents: P, p, nD or tip speed.

(Subscript 3 denotes three-'blad.e propeller of normal
diemoter. )

(Subscript x denotes propsller of increesed
dizmeter. )



1. For several valuss of V/mD, B, is read &t & constent
' Cp. from the Cp chart.

2. COp_ 1s reed fram the Cp chart for the values of By
end V/oD under (1).

3. ch = (D3/Dx)2

4. By 1s read fram Cp cwrves for severel values of V/nD
end Cp,-

3

5. Op_ 1s resd for carresponding velues of V/nD and Bg.
6. The following plots mey be constructed:

(a) Cp ve. V/oD

(v) ©Ory/Cr, ve. V/nD

(o) Co/Cp L vs. ;!5, (n V8.

/% () ™ 5

In the ptresent onelysls a three-blade propeller 1s compered
with o six-blede propeller which absorbs the same power for the
peek officloncy condition. The actual blade area 1ls slightly
different, owlng to the difference in blade interference for the
two cases.

o

Dg = 0.75 Dy, instead of Dg = O 707 Dy, which corresponds
to constant area.

Duel rotation.- The method for comparing single- end dusl-
rotating mropellers is the same es that for propellers of different
poliditices end so wlll not be ropeated here.

Two-gpeed, geoaring.- The obJect of two-speed propeller reduction
goars is to provide a meens for lncreosing the proreller rotational
speed Tor the teke-off and climb. If the englne could be over-
speeded the necessary eamount, the results would be the scme as those
obtainod with two-speocd gears. The emount that the propeller speed

should be increased for teke-off depends entirely upon the tip
speeds encounterod.



Considering the case of gingle-speed gears, the tip speed for
" Yéw forward speeds at low altitudes will be a less percentege of
the speed of sound than for high-altitude, high-speed operation,
owing to differences in the forwerd speed compoment of the tip
speed, and also to the differences in the speed of sound et
different altitudes. In figure T is given the relative speed of
gound for dlfferent altitudes; in figures 8 and 9 are cherts glving
the ratio of helical tip speed to the olrculer tip speed, for
various values of forwerd.speed, helical tlp speed, and circular
tip speed. From these chexts (figs. T, 8, and 9) the emount that
the propeller cem he speeded up for the teke-off coidition mey de
read - assuming, of cowrse, that 1t is deosireble to obtaln the
game tip speed reletlve to sonic voloolty for teke~off as that
for high speed. at altitude.

The following exeample 1s givem to i:l.'l.usbrato the method for
using the charts mentioned:

Given:
Air gpeed, 400 miles per hour
Altitude, 25,000 feet
Helicel tip speed = 910 feet per second

To find: goar ratio to produce the same ratlo of the tip
speed to the speed of sound faor teke-off.

Solution: from figure T, vco/voﬂt w 1.097
fram figwre 8, VR[S, = 1.305
goer ratlo, nLm = VR /S0 X Vco/voﬂt
= 1.305 X 1.097 = 1.43

The method for camputing tho reletive tlrust or efficlency

cbtained at low speeds with two-speed gears may be outlined as
follows:

Constents: P, p, and D.

(Subscript 1 refers to single-speed propeller.)

(Subscript 2 refers to ﬁo-speed propeller.)



1. For & given value of Cp , B, 1s reed at several vélue_sl'
of (v/uD) , from the femily of Op ~curves. .
2. Cp ocorresponding to B, &nd (V/uD), is read frem
the femlly of 01-1 curves.
3. For & given value of o, /0 s sz is camputed;
- op, = (ny mp)° Cp -
4. (V/uD), 1is camputed; (V/mD), = n, [P (v/oD), .

5. B, corresponding to Cp, emd (V/mD), is read fram
.the feamily of GTa ourves.

6. Cp, corresponding to B, end (v/xD), 1is reed from
the family of °T2 curves.

7. The following plots may be comstructeds
(a) T,/ vs. V/oD

T/t = Gl'z/o'l':. (m o)

(v) o, /cp2 (V/opD) ve. (V/n,D)

culat t t of an 1 «~ The thrust of
an ideal propeller can be calculated frcom the mcmentum theory.

This ideal propeller is en ectuestor dlsk having no losses other
than en axial momentum loss. An expression for ldeal efficlency

is given by
"2 .2pAVe
= (1)

This expression mey be resolved into ome more convenlent to
uee by meking certeln substitutions as follows:

W/ for T
('::Ppn?':D5 for P




EEE faor A

¥ ._x 3
T 21rlcP(V/nn)

(2)

To obtaln this in terms of thrust, the substitution of % V /oD

for 1 1is made

Or /o2

k11
1--1Y r
)

W S

Rewriting:
3
X vy X2
Cp +2'anDcT 2°P =0

This may be solved to give cTidea.l

Iropeller at the seme velues of Cp end V/nD.

RESULTS AND DISCUSSION

The results of the eamalysis eare presented in several groups

as follows:

(3)

for glven values of Cp end
V/uD, which mey then be coampared with the Op of eny desired

Flgures

I BSolidity

(a) Effect of increasing the mumber of blades 10 to 12

(b) Effect of increasing dlade width
(c) Effect of increessing diemeter



‘ Figures
II Dual rotatlon 5
IITI Two-speed gearing: 16 to 19
IV Camparison of methods for lncreesing thrust
and efficiency 20 to 26
V Method for computing chenges in staetic thrust
for changes in solidity 27

In this enalysis the emphasis 1s placed on methods for improving
propeller thrust or efficlency for the teke-off and climblng
conditions, realizing, of course, that certain other sacrifices
mey be necessery. The question is alweys, 'What is the best
canpramise ?" The answer depends upon the perticular design conditlons
In question; therefore it cennot be answered here. Information
for arriving at good englneering compromises 1s presented, however,
in easlly interpreted charts which have a general applicatlion.

Solidity.~ In figures 10, 11, and 12 the effect of increaslng
the mumber of blades up to a total of elght 1s indicated; the
diemeter, of couwrse, is kept constent. Although the peek efficlency
for each propeller 1s approximately the seme in megnitude, it occurs
at different V/nD values for the different sclidities. The effect
of increasing the number of blades is to unload each individual
blade, which allows it to operate at lower velues of o and Oy,

This increeses the L/D and efficiency for tho toke-off and climb,
particularly for the extremely high loedings, but with scme sacrifice
&t the upper end of the V/nD range, the emownt depending upon

the perticular deslgn conditioms under consideration.

Of particuler interest is the fact that there appears to be
1ittle efficiency to bo gelned at take-off by increasing the
number of blades beyond six.

In figure 13 the effect of Ilncreasing the blade width 50 percent
ls shown for & two-blade propeller, the tests of which were made
several years ago. (Soe reference 2.) Although these tests were
not very concluslve, owlng to their limited scope, the indicetions
are that Increasing the blade width hag the same effect om the
teke~off and climbing efficiency es increesing the mmber of blades.
Further extensive tests of wide blades are belng conducted at the
yresent time.



In ﬁ;g\:re 14 a ocompearison is made of two mropeilexrs-having

substentially the seme bPlade srea but different dlemeters. The

relative dlemeters were determined from conslderations of equal

power absorption for peak efficiency; the six-blade propeller -
hed slightly greater area then the three-blede propeller. Inasmuch
as the efficlencles were about equal over the emtire V/oD range,

it appeers that increased solldity 1s aboub an equal substitute

for increased dlemeter up to same limiting veluej that value probebly
carresponds to a slx-blade propeller, since en elght-blade propeller
was found to be only slightly better than a six-blade one.

(see figs. 10 to 13.) :

Dual rotation.~ In figure 15 the effect of dual rotation is
shown for the six-blade propeller; tho results were teken dlrectly
fram reference 1. The mrincipal effect of dual rotation is, of
course, to eliminate the rotational camponent of the slipstreem,
which results in improved efficiency, perticularly for highly
loaded propellers operating at low values of V/nD. The test
results indicate thet dual rotation increeses the efficlency
over the entire operating range, especially for highly loeded
propellers.

Two-gpeed geering.- Although the edvanteges of two-speed
gearing have been appreclated for e long time, there has not been
any serious attempt to incornorate two-speed goars into propeller
drives untll recently. The reasons for thls are that bwo-speod
gears have not been vitally nescessary, up to the present time, in
order to obtain satisfactory propeller performance at low forward
speods; ard also because the high speeds and orulsing altitudes
have not been high enough to make possibie any large gains.

In figureos 16 to 19 ere plots indlcating the improvements in
thrust possible through. the use of two-spred goars for o variety of
conditions. It may bo noted that the adveantegus are greatest for
low salidity propellers which are operated vnder highly loaded
conditlions. Also the advantagos are the greatest for high ratilos
of gear change, which cen only be used for high-speed, high-altitude
alrplanes. .

Comparisons of methods.- In figwres 20 to 25 are both thrust
and efficlency comparisons of the various methods for increasing .
the thrust of propellers operating at low forward spoeds. It
eppears that the method of. two-speod gearing offers the greatest
retwrn of any single method, particularly in‘view of the fact that
i1t is not accompanied by any acrodynamic loss for the high-speed
condition. Increased solidity, particularly 1f accampunied by dusl
rotation, offers further meens for improving the low-speed corditiona.
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With all of the methods conbined the 1deal efflolency cen be closely
epproached, even for extremely highly loaded propellers.

As theese methods ere directed towerd reducing the angle of
attack of the blades, with the exceptlon of dual rotetion, 1%
ney be of interest 'l'.o exemine the operating conditioms. In
Pigure 26 1s a plot of P and o for the various methods
indicated in figures 21 and 24. It may be noted that as the
blade engle and engle of attack &t O.75R are reduced by eny
method, the efficlency at low speed 1ls increased.

Teke-off camputgtiong.- In campubing take-off disteamoces the
problem often arises of determining the chexracteristics of some
particular propeller which has a different solidlity or activity
factor fram one for which test results are evallable. As most
methods for computing teke-off dlstances involve the statlc thrust,
the problem 1s ome of correcting the static coefflclents for
differences in activity factor. :

A chart is mresented in.flgure 27 wherein the statlc thrust
coefficient is plotted ageinst mmber of blades, which also
represents & range of activity factors for the entlre propeller
on the essumption that the activity factar vearles dlrectly as the
mmber of blades for a typicel mresent type propeller design.
Although this chert wes not derived fram test data wherein the
activity factor wes changed by increasing the blade width, the
evalleble Information indicates that the effects are substantlially
the seme, Irrespective of the method of changmg tho activity
factor.

There are two methods of using the chart, one ln which the
velues of static thrust are used dlrectly; and the other, 1n
which the curves are used as corroction factors for cotrer tost
data. The lattor method is recommended because the relative thrust
1s probebly lndependent of most of the propeller-design characteristics,
suoh as alrfoll sectlon, thickness, and pitch dlstridbution.: This
method of correction consists simply of multiplying the kmown statio
thrust coefficlent by the ratio of static tkrust coefilcients taken
fram the chert coarresponding to the differemt activity fectors.

Similer cherts may be constructed for differemt V/oD values
by meking cross plots fram figures 10, 11, and 12. -

In tables I emd IT are listed, for convenlence, the aotivity
factors for a nmumber of cammonly used Curtlss ond Hamilton Standerd

rropellers.
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The problem of increesing the teke-off snd climbling thrust
of highly loaded pi'eJJ.ers .resolves-ltaelf into cvid.‘lnq_ means
NG attack of operation and slso for -
ional losges. {7 thHe &lipgtreem. O the
meh this purpose, the following remarks

meﬁﬁo”ds““étudied. to “acc
epply:

Increesing the number of blades from three to six was found
to result 1n substentlal improvements in the low-speed thrust,
particularly for the higher power loadings. ZXlght-~blade propellers
were found to produce only & slightly higher thrust than six-blade
ones. Increased soliditles resulted in small red.uctions in the
high-speed efficlency.

Increasing the solidity by meens of increasing the blede width
was found to result in about the same effocts as increasing the
mmber of blades, within the scope of the anmlysis.

Increasing the blade aroa by messns of increesing the dliameter
hed gbout the scme effoct on the low-speed thrust as increasing
the solidity, for equal tip speeds.

Dual rotation resulted 1n a small improvement in the efficlency

over the cntire operating range, particularly for the more highly
loaded propellers.

Two-spood geering was found to be very effectlive in Increasing
the low-speed thrust, particularly for low solidity propellers
operating umder highly loaded conditlons. The advantages of two-
specd gearing wore grontest for high ratios of goexr chango, which
can only be used for high-spoed, high-altitud.a alrplanes. As no
efficiency penalty 1s imposed at high speed, this method appears
to be very attractive for & certaln class of airplanes.

A cambination of six-blade, dual-rotation, two-speed geering
was found to provide mecene for closely approx:lmting the ldeal
efficiency far highly loaded propellers.

Langley Memoriel Aeronautical Laboratory,
National Advisory Cammittee for Aerona:utics,
Langley Fleld, Va.
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" TABIE I
Activity Factors of Curtiss Propsller Blades

T

Basic Bagic
Blodo WeWiNE | atametor] AdF. (P10 FEWING | 0 Ver | AT,
(£t) (£t)
J12 end 551 -0| 211.0 | €6.9i| 89301 -0 | 11.25 78.8
-6 4.9 -3 8.7
-12 82.7 -9 90.5
-18 90.9 =15 98.0
-21 105.7
614 and 615 -0| 12.0 | 66.5] 8930k -0 15.0 58.5
-6 Th.1 -6 66.3
-12 8.5 -12 Th.3
-18 88.5 ~1.8 81.5
-2l 86.5
652 and 653 ~-0| 12.0 | 68.0 ~30 90.5
-G 5.0 -36 98.6
-12 1.5
~18 88.6 || 89306 -0 11..83 58.9
. 2 65.6
Tik, 715, and ~10 5.5
722 -0} 13.0 | 65.8 -16 85.6
-6 73.6 -19 90. 4
-12 8.2 -0 89.9
-18 89.1 -23 96.
-2l 96.4 i
81k -0 15.0 | 67.0{| 89316 -0 15.0 71.6
-6 3.0 -6 78.0
-12 79.0 - 85.0
~-18 8.7 -18 9L.5
-2k 90.5 e 98.5
88996 -0l 13.0 | 66.6
89303 -6 153
89318 -12 83.5
-18 89.6
-2 93.7
-30 103.6
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TABLE II

Activity Factors of Hamilton Standerd Propeller Blades

Blade drawing number Basic
diameter A.F.
Controllable blade Hydromatic blade (£t)

3155-6 10.5 90
6095 -0 €181 -0 9.5 yal
6167 -6 -6 83
6237 -12 -12 95
-18 -18 107
~-24 -2k 120
6101 -0 €183 -0 10.0 T
-6 -6 87
-12 -12 97
-18 -18 108
-2l -2 119

6103 -0 6139 -0 11.5 63
€111 -6 -6 T2
-12 -12 3 82
-18 -18 C o1
_21{_ '214- 100

€105 -0 £153 -0 13.0 6€
6249 -6 6229 -6 75
-12 -12 83

-18 -18 92
-2l -2 100
6109 -0 9.0 £6
6135 -5 78
-12 90

-18 101
6127 -0 £185 -0 10.75 65

6165 -0 6239 -0 8.0 &
-6 -6 81

-12 -12 96

-18 -18 110
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TABLE I (Cont.)

Basic |

17

Blade drewing mmber
Controllable blade Hydromatic blade diame‘)oer A.F
: . £t

6227 -0 6247 © =0 10.5 81
6157 -6 6179 -6 98
~12 ~12 108
~-18 ~1.8 | 119
é2h1 . -0 9.0 13
-6 85
-12 96
-18 107

Blade drawing number Bagic
Bydromatic blade diameter A.F.

. (ft)
6155 -0 14.0 5
6159 -6 83
-12 92
-18 101
-2} 109
6175 -0 17.0 61
6187, 618 ) 15.0 65
6193 ) 11.5 93
-6 10k
-12 1L
. =18 125
6235 -0 12.5 90
6243 -0 115.0 81
-6 88
-la ol
-1& 101
-2 108

6245 -0 17.0 .

~6 80
-12 86
-18 91
-2 96
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TABTE IT {Cont.)
Blade drawing numbér - Bagic
Hydramatic blede dlameter AF
(£t)
6257 ~0 13.0 9
-6 871
-12 96
-18 10k
-2h 112
6259 -0 11.5 19
-6 88
-12 o1
-18 106
-2h 116
6261 11.5 88
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Figure 1.- Variation of P and wewith V/nD for a three-blade controllable propeller
at Cp = 0.2, 0.4, and 0.6.
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